Abstract A brief review of research in remote sensing of water resources indicates that there are many positive results, and some techniques have been applied operationally. Currently, remote sensing data are being used operationally in precipitation estimates, soil moisture measurements for irrigation scheduling, snow water equivalent and snow cover extent assessments, seasonal and short term snowmelt runoff forecasts, and surface water inventories. In the next decade other operational applications are likely using remote measurements of land cover, sediment loads, erosion, groundwater, and areal inputs to hydrological models. Many research challenges remain, and significant progress is expected in areas like albedo measurements, energy budgets, and évapotranspiration estimation. The research in remote sensing and water resources also has much relevance for related studies of climate change and global habitability.
INTRODUCTION
This paper is not meant to be a comprehensive review of all that remote sensing and water resources scientists have achieved in research and operational applications. Time and space limitations make such a review impossible. Rather, examples of research accomplishments and operational applications are highlighted.
In addition to the proven aspects of remote sensing of water resources, a portion of the paper is devoted to those areas where remote sensing has not yet been successful in extracting relevant hydrological information. These gaps in the knowledge base can be traced to a variety of problems. Whatever the reason for the lack of success, these gaps serve as challenges for future research and development. Among these challenges are areas where remote sensing has produced promising results, but much pertinent research still needs to be done. In some cases remote sensing research has firmly established the potential for operational use, but widespread operational application has not yet been achieved.
Certain goals for future research will be discussed. Simply stated, they include the need to make better use of the areal measurement capability of remote sensing for inputting data to hydrological models. Associated with this is the need to develop remote sensing techniques far enough so that operational application is the logical result.
Advances in remote sensing measurements of hydrological variables have provided an additional dimension to measurement capabilities, namely, the ability to measure hydrological variables areally. This development has made the remote sensing of water resources a useful tool for other related problems. Good examples of this are contributions to studies of global change and global habitability.
SELECTED RESEARCH ACCOMPLISHMENTS AND OPERATIONAL APPLICATIONS

Rainfall
Being one of the driving forces in the hydrological cycle, rainfall is a prime candidate variable for remote sensing measurement. There are many remote sensing possibilities including ground-based radar, visible and thermal infrared satellite imagery, and microwave satellite data. The use of ground-based radars has been successful especially when used with an integrated raingauge network and in areas with low relief. It is estimated that radar rainfall measurements are accurate to within about 15% of actual raingauge network totals (Goldhirsh et al., 1987) . More difficulties are experienced in basins with mountainous terrain. Visible and thermal infrared techniques using measurements of cloud top reflectance and temperatures have been used in a variety of ways by meteorologists and other scientists to estimate monthly, daily, and storm precipitation totals (Barrett, 1970; Follansbee, 1973; Griffith et al, 1978; Griffith, 1987; Scofield & Oliver, 1977; Scofield, 1987; Shih, 1989) . The best success so far has been found in the tropics and in countries not possessing detailed ground raingauge networks where cloud indexing methods for estimating precipitation have been used operationally.
The utilization of microwave data from space for rainfall estimation is still very much in the research stage, but the idea that the microwave signal is attenuated by the precipitation particles seems to have an advantage over the more indirect visible and thermal infrared techniques. In addition to actually measuring the rain falling, the microwave approach can be used to monitor radiation emitted by the soil to infer rainfall totals (Camillo & Schmugge, 1984) . Microwave radiometers were used in the Monsoon 90 experiment in Arizona to monitor the daily changes in brightness temperature. Decreases in brightness temperature were shown to be directly correlated to cumulative rainfall amounts (Schmugge et al., 1992) . In addition, the strong gradients of rainfall associated with the convective processes active in this area were readily apparent in the microwave data.
Land cover
Multispectral classification of land cover types was one of the first well established remote sensing applications for water resources. Numerous investigators have used classifications of land cover from Landsat and other remote sensing sources as input to various water resources studies. have shown that Landsat MSS data can be used as input to produce essentially the same flood flow frequency curves for planning in urbanizing areas as those derived from detailed conventional methods. It was also shown ) that classification accuracy was about 95 % on a watershed basis, and that Landsat MSS costs of obtaining the land-cover data are about one-third the cost of conventional techniques for basins larger than 25 km 2 . The use of higher resolution multispectral data like Landsat TM and SPOT reduces the effective basin size to at least 10 km 2 and possibly smaller.
Most studies that have used multispectral land cover information have employed it as just one facet of a larger study. Ragan & Jackson (1980) probably focused on the land cover categories the most. They actually modified the land cover categories of the Soil Conservation Service (SCS) curve number model to be compatible with Landsat MSS data. SCS curve numbers obtained with these alternate land cover categories for use in the model compared closely to those obtained in published examples using conventional techniques. Since the early studies were made, the use of remotely sensed land cover has been a valuable part of just a few studies. As a result, it has had low visibility when compared to other applications. Because of this, it may be overlooked by operational users of land cover data who continue to utilize the more expensive conventional techniques. This is one area where there is a gap that needs to be bridged before true operational application will result. The solution may merely involve better publication of the existing results. A recent project in the United Kingdom used Landsat TM data to produce a country-wide classification of land cover which includes 25 different land classes with a minimum mappable area of 1 ha (Natural Environment Research Council, 1993) . This operational product may go a long way towards gaining acceptance of this type of data for hydrological studies.
Snow cover extent
The measurement of the area of a basin covered by snow is similar to land cover measurement. Various types of snow cover can be classified (Rango & Itten, 1976) . The various categories relate to snow wetness, vegetation, shadows, surface impurities, or transitional snowpacks (partially snowfree areas). In general these various categories can be combined to determine the snow covered and snow free basin areas, although vegetation obscuration of the snow cover can be a problem in densely vegetated areas.
Resolution of the sensor has been used to determine the minimum basin sizes for various satellites. Generally, NOAA-AVHRR data can be used on basins as small as 200 km 2 , Landsat MSS data on basins as small as 10 km 2 , and Landsat TM data on basins as small as 2.5 km 2 . More important than the resolution is the frequency of coverage which is adequate only on NOAA-AVHRR (one visible overpass per day). Cloud cover is always a problem, and the 1.55-1.75 /um band on Landsat TM allows automatic discrimination between snow and clouds. Where clouds are present over a basin, a method has been developed to estimate the snow cover under the cloud cover by extrapolation from the cloud free portion of the basin (Lichtenegger etal, 1981; Baumgartner et al, 1986) .
The snow cover data extracted by satellite remote sensing is immediately usable in a snowmelt-runoff model (SRM) for both simulation (Martinec & Rango, 1986 ) and forecasting (Rango & van Katwijk, 1990 ) of snowmelt-runoff. It has been shown that both snow cover mapping and SRM calculations can be handled on the same microcomputer, thus improving the chances of operational application of the data by users such as power companies (Baumgartner & Rango, 1991) . Figure 1 shows a simulated hydrograph on the Okutadami basin (422 km 2 ) in Japan using Landsat snow cover input to SRM. This is another good example of areal input to hydrological models.
Surface water extent
This research area is similar to the remote determination of land cover and snow cover areas. Because water is easily distinguishable in the near infrared spectral region, the potential for using Landsat MSS to map water bodies larger than 0.02 km 2 was demonstrated many years ago by McKim et al. (1972) . The availability of higher resolution Landsat TM and SPOT data enhances this long established capability, and mapping of smaller water bodies is possible. This use of remote sensing for surface water inventories is another application that has not been fully exploited. Similar techniques can be used to map the extent of flooding as has been done for the Mississippi River floods of 1973 (Deutsch & Ruggles, 1974 ) and 1993; however, the presence of clouds becomes an additional complicating factor. Surface water inventories can wait until clear sky images are acquired. Flood mapping needs real-time coverage, and unfortunately clouds frequently are present when floods occur. Some excellent near infrared flood mapping has been performed, but only when cloud-free images can be acquired. As a result, a prime research area is the use of satellite-based radar to provide high resolution, all-weather coverage at the time of flooding.
Soil moisture
This research accomplishment demonstrates the ability of remote sensing to measure more than just an areal surface value. The soil moisture beneath the surface can be measured because of microwave capability to penetrate the surface. The passive microwave region (particularly around 21 cm wavelength) has been exploited the most so far. Substantial research has been accomplished in the last 10-15 years. This research has established that moisture content can be measured to a depth of about 50 mm (perhaps as much as 100 mm) to a relative accuracy of 10-15 %. This measurement can be made under all-weather conditions and through light and moderate vegetation cover with the limiting case being a mature corn crop (Schmugge, 1990) .
Several experiments have begun to demonstrate the potential for operational application (Kondratyev et al., 1977; Jackson et al., 1987; Kustas et al., 1991) . Using algorithms developed in large area field experiments, microwave radiometer data can be converted to areal surface layer soil moisture maps . Additional research needs to be conducted to correct for uncertainties introduced by surface roughness, soil texture and vegetation, and to develop soil profile linkages to the surface layer measurements, especially in non-irrigated areas. Gamma ray aircraft flights have also shown the potential for measuring soil moisture over linear transects (Jones & Carroll, 1983) . Both active microwave and thermal infrared applications need much additional research before they can be used to extract soil moisture information.
Operational applications
For remote sensing techniques to be termed operational, several qualifications must be met. The application must produce an output on a regular basis or the remote sensing approach must be used regularly and on a continuing basis as part of a procedure to solve a problem. There are several good examples of operational remote sensing applications for water resources.
Scientists in Russia have taken the advances in the passive microwave remote sensing of soil moisture and developed a system for irrigation scheduling. Three radiometers at wavelengths of 2.25, 18, and 30 cm are mounted on a small biplane (Antonov-2 type) and flown over agricultural fields (Shutko, 1986) . The multi-wavelength capability not only provides surface layer soil moisture measurements but also allows some indication of soil moisture through a depth of one metre in conjunction with a priori information on local soil properties (Reutov & Shutko, 1986) . The soil moisture data are supplied to the farm operators 5-10 hours after the flights (Shutko, 1986) . On some of the agricultural areas, similar radiometers mounted on tractors provide supplemental data. The soil moisture data thus obtained are then used as a direct input to irrigation scheduling decisions.
In the field of snow hydrology, the US National Weather Service has set up a National Remote Sensing Hydrology Center in Minneapolis, Minnesota. Two operational products are provided by the Center. Gamma radiation remote sensing from low altitude aircraft is used to measure snow water equivalent over a network of more than 1500 flight lines covering portions of 25 US States and seven Canadian Provinces. NOAA-AVHRR satellite data are used to map the areal extent of snow cover digitally over regions covering two-thirds of the US and southern Canada where snow cover is an important hydrological variable. The snow cover was mapped for about 2000 basins in 1990 and about 300 of these basins were mapped by elevation zone. The airborne and satellite alphanumerical and digital image snow cover data sets are available electronically to users in near realtime for hydrological forecasting purposes (Carroll, 1990) .
A somewhat related operational application takes place in the Himalayan region. Ramamoorthi (1983 Ramamoorthi ( , 1987 has developed a regression model relating April basin snow cover to the April-June seasonal runoff on the Sutlej River basin (43 230 km 2 ) of India. The snow cover data are obtained from NOAA-AVHRR. Four years of forecasts produced an average forecast error of 10% on the Sutlej basin with similar results also being found on other major river basins in India. These forecasts are being used operationally in India and being extended to additional basins. In addition, Kumar et al. (1991) have started inputting satellite snow cover data to SRM for use in operational forecasts of daily snowmelt-runoff on the Beas and Parbati Rivers in India.
Passive microwave determination of snow water equivalent in relatively flat areas has shown much promise (Rango et al., 1979; Hall et al., 1984 Hall et al., , 1987 Goodison étf a/., 1986; Foster etal., 1980; Chang etal., 1982) . The new SSM/I data are being used to produce snow water equivalent maps of the Canadian prairies (Goodison et al., 1990) that are now supplied operationally to Canadian users (Goodison & Walker, 1993) .
Regions for optimum remote sensing application
Because most techniques are attempting to measure surface features, remote sensing will work best in areas with little to obscure ;he surface. Because vegetation is the most common obscurant, remote sensing tends to work best in arid and semiarid regions. In the area of snow hydrology, snow mapping applications also tend to work best where there is little vegetation to obscure the snowpack.
GAPS IN KNOWLEDGE BASE
Soil erosion is a large problem in water resources and agriculture. Recent work has shown that airborne lasers can be used to measure the occurrence and dimensions of ephemeral gullies (Ritchie & Jackson, 1989) . Such work could be used to estimate soil loss, but research is needed to determine how such measurements can be used in a sampling scheme to get estimates of soil loss over large areas.
Many good examples of how multispectral remote sensing data can be used to determine sediment load in reservoirs and rivers also exist (Ritchie & Cooper, 1988; Ritchie etal., 1986 Ritchie etal., , 1987 Verdin, 1985) . Because of relatively easy application, these multispectral techniques should be promoted for operational monitoring of sediment loads in water bodies.
The use of passive microwave data for determining snow water equivalent information over flat homogeneous terrain is operational in Canada. Additional research needs to be performed to correct for variations in vegetation cover and snow grain size. Additional complications are present in mountainous areas where resolution of the passive microwave measurements may not be adequate. However, some promising results were derived in the Rio Grande basin of Colorado (3419 km 2 ). Nimbus SMMR data were used to estimate the average basin snow water equivalent to within 15% of the actual value for both 1986 and 1987 (Rango et al., 1989) . Improvements in resolution are necessary for obtaining snow water equivalent distribution in a basin. Such improvement will occur in the future. Another possibility would be active microwave data becoming available in the K-band.
Sporadic success has been obtained in using remote sensing data to locate groundwater. Most approaches use surficial indicators of the underlying groundwater reservoir and require considerable skill and knowledge on the part of the interpreter. More documentation of the techniques used is needed, perhaps in handbook form. One such area, among many, that would benefit by such specific guidance would be the use of fracture intersections to locate new groundwater wells.
A number of early studies on the remote measurement of physiographic and basin characteristics indicated that adequate measurements could be made at certain map scales (Rango et al., 1975) . At that time the need was for better resolution data. Only a few studies have been made with new high resolution data (Gardner et al., 1989) . More research with high resolution (e.g. from SPOT and Landsat TM) and digital topographic data needs to be conducted to determine the current capabilities regarding detectable features and applicable map scales.
Albedo investigations have been conducted, but as yet there is not an effective way to measure albedo remotely. Remote sensors collect only a small portion of light reflected by the Earth's surface, i.e. light reflected toward the sensor in the specific electromagnetic band of the sensor. The albedo is made up of light reflected in all directions over all portions of the electromagnetic spectrum. Much research, like that of Dozier et al. (1988) , needs to be done on the bidirectional reflectance-distribution function so that one remote sensing reflectance measurement can be used to deduce the albedo.
Evapotranspiration is the most elusive component of the hydrological cycle to measure. Research is progressing slowly on this topic, but various parts of the problem are falling into place. Remote determinations of surface temperature, vegetation cover, and upper layer soil moisture are essential for estimation of évapotranspiration (Johnson & Rango, 1985) . Evaluations of how remote sensing can be used in energy balance computations, e.g. the work by Kustas & Daughtry (1989) , are needed before évapotranspiration can be calculated operationally. Large-scale field experiments like Monsoon 90 are providing valuable data for évapotranspiration studies. In Monsoon 90 techniques have been developed to estimate the fraction of available energy used for the évapotranspiration process (Kustas et al., 1993) . It has additionally been shown that laser data can be used to estimate the surface roughness parameter useful for input to aerodynamic approaches for évapotranspiration calculations (Menenti & Ritchie, 1992) . In addition to these areas, there are several aspects of water resources that have not yet been found to be amenable to remote sensing measurement. Some of these may never be measured with remote sensing. So far it has been impossible to measure streamflow occurring in river basins. No remote sensing method for measuring infiltration of precipitation into the soil has been found. Snow grain size affects the microwave measurement of snow water equivalent, but only limited information on grain sizes on the surface of the snowpack has been available using visible and near infrared data (Dozier, 1987 (Dozier, , 1989 . These visible and infrared measurements may or may not be related to the grain size influencing microwave measurements. Microwave penetration into the soil is limited to the surface layer. As yet, no methods for measuring deep soil moisture or groundwater are available. Although remote sensing of sediment pollution in water bodies is possible, no techniques have been found to measure the levels of chemical pollutants.
FUTURE GOALS
The only reason for hydrologists to be involved with remote sensing is for improvement in the application of a specific hydrological method. Particularly, hydrologists need to be extracting remote sensing data for input to hydrological models. As such the characteristics of these models need to be considered when developing pertinent remote sensing techniques. Remote sensing information is areal in nature so that some effort needs to be given to designing or modifying hydrological models that will accept this areal input. Kite (1993) has made some progress in this direction using satellite-derived land cover classifications as the prime input to grouped response units of a new hydrological model.
Researchers have made outstanding progress in developing remote sensing techniques. However, as has been pointed out in areas such as utilization of land cover and surface water extent, full operational application has not been realized. This may be at least partially due to a lack of technology transfer efforts, i.e., the research approaches have not been taken far enough to be adopted by operational hydrologists. As research continues, there is a need to make sure that researchers take the extra steps necessary to assure operational utilization.
CONCLUSIONS
The following application areas now use remote sensing methods in an operational way: 
